Murine hair follicle morphogenesis gives rise to four distinct pelage follicle types that produce hair shafts differing in length, the number of medulla columns, and the presence and number of bends. Recently, Igfbp5 was identified as the first molecular marker that distinguishes among different hair follicle types and shown to mark zigzag hairs. Further, it was demonstrated that Igfbp5 expression is modulated by FGF signalling. Here, we identify Krox20 as a molecular marker whose expression in the proximal follicle appears to be restricted to zigzag hair follicles. Gene transcription occurs in precursors and early differentiating cells of the medulla. Spatial and temporal expression of Krox20 and Igfbp5 seem to be tightly co-regulated in wildtype follicles. This correlation also holds in transgenic mice in which Igfbp5 expression is disturbed. Inspection of the Igfbp5 promoter reveals several putative binding sites for KROX20. In transfection studies, KROX20 strongly stimulates transcription from a 1.5 kb Igfbp5 promoter fragment which is significantly reduced by sitedirected mutagenesis of putative KROX20 binding sites, indicating a potential role of KROX20 in activating Igfbp5 expression. Our data suggest Krox20 as a nodal point of FGF and IGF signalling pathways controlling Igfbp5 expression which is associated with hair shaft differentiation and may generate the periodicity of the zigzag hair.
Introduction
Hair follicles present an easily accessible experimental model system of general interest due to shared developmental and regulatory pathways with other ectodermally derived structures such as tooth and mammary gland. During embryogenesis and early postnatal development, consecutive waves of hair follicle induction give rise to four different pelage hair types (designated guard, awl, zigzag, and auchene hairs) (Dry, 1926) . The morphogenetic waves show different requirements with respect to signalling pathways involving ectodysplasin and BMP (Botchkarev et al., 2002; Headon and Overbeek, 1999; Laurikkala et al., 2002) . Furthermore, members of the WNT and SHH pathways have been identified to play a role in morphogenesis (Andl et al., 2002; Botchkarev et al., 1999; Chiang et al., 1999) . Most pathways appear to be also involved in the biology of the mature follicle as indicated by expression patterns and/or by the results of genetic analyses (Kulessa et al., 2000; Reddy et al., 2001) . Whereas various aspects of hair follicle morphogenesis and hair growth in general have been fairly well investigated in the past, the interesting question of the molecular basis of establishing and maintaining different hair types and structures has not yet been adequately addressed.
Interestingly, IGF-mediated signalling seems to play an important role in the latter process. Insulin-like growth factor I (IGF-I), its cognate receptor IGF-IR, and several IGF-binding proteins (IGFBPs) are expressed in distinct compartments of the human and murine hair follicle (Hodak et al., 1996; Little et al., 1996; Rudman et al., 1997; Tavakkol et al., 1992) . IGF-I has been shown to act as a potent mitogen supporting cell growth and survival (Stewart and Rotwein, 1996) . A similar role is evident for the epidermal compartments of the skin, i.e., epidermis and hair follicle. For instance, withdrawal of IGF-I from the medium of cultured hair follicles induced a transformation reminiscent of the regression phase of the hair cycle which is characterised by a stop of proliferation in the epithelial compartment (Philpott et al., 1994; Tezuka et al., 1990) . On the other hand, transgenic expression of Igf-I in the interfollicular epidermis causes epidermal hyperplasia, whereas ectopic expression in the hair follicle stimulates vibrissa growth and an increase in length and width of pelage hair shafts (Bol et al., 1997; Su et al., 1999; Weger and Schlake, 2005b) . Mice deficient for either Igf-I or Igf-II show no apparent epidermis or hair follicle phenotype (DeChiara et al., 1990; Liu et al., 1993) . Double deficient mice as well as Igf-Ir ablated animals reveal epidermal hypoplasia and fewer hair follicles that are retarded in their development (Liu et al., 1993) . Whereas some data show a role of Igf-I also in the differentiation of distinct tissues (Hsieh et al., 2004; Musaro and Rosenthal, 1999) , such a function in the hair follicle has not been described until recently. However, Ivl::Igf-I transgenic mice demonstrated that elevated levels of IGF-I affect the differentiation of either the cortex or the cuticle, thereby causing an altered appearance of the hair shaft (Weger and Schlake, 2005b) . Even more remarkable, transgenic overexpression of Igf-I completely blocks the production of zigzag hairs, although the characteristic zigzag hair follicles are still generated during morphogenesis (Weger and Schlake, 2005b) .
Insulin-like growth factor binding proteins are characterised by their potential to bind IGF-I with very high affinity. Of note, IGF-binding proteins behave totally differently depending on experimental conditions. The interplay of IGF-I and IGFBPs may result in an agonistic effect that is probably due to the delivery or presentation of IGF-I by its binding proteins (Clemmons, 1992) . Alternatively, proteins may act in an antagonistic manner which prevents the binding of IGF-I to its receptor (Clemmons, 1992) . Interestingly, members of the IGFBP family appear to have also IGF-independent functions, but it is still unclear whether these effects are mediated by an as yet unknown receptor (Hong et al., 2002; Rajah et al., 1997) . Some data support a direct mechanism, since IGF-binding proteins are not only present in the extracellular compartment but can be internalised via distinct endocytic pathways and are even found in the cell nucleus (Lee et al., 2004) . Igfbp3 is expressed in the dermal papilla of hair follicles and gene activity tremendously increases during the regression phase of the hair cycle (Schlake et al., 2004) . Very recently, it was demonstrated that Igfbp3 is involved in the control of follicular cell proliferation, whereby it may contribute to the control of hair follicle regression (Weger and Schlake, 2005a) . While Igfbp5 is also expressed in the dermal papilla of human hair follicles, the expression pattern in murine follicles has an astonishing complexity (Batch et al., 1996; Schlake, 2005b) . Of importance, Igfbp5 was identified as the first molecular marker of zigzag hair follicles whose expression is associated with the formation of hair shaft bends (Schlake, 2005b) . The transcriptional control of Igfbp5 appears to involve FGF signals (Schlake, 2005a) . Krox20 (Egr2) is an immediate-early serum response gene encoding a transcription factor with three zinc fingers closely related to those of Sp1 (Chavrier et al., 1988) . As a consequence, the binding motifs of KROX20 and Sp1 are very similar (Chavrier et al., 1990) . Various Hox genes such as Hoxa2, Hoxb2, and Hoxb3 are directly controlled by KROX20 (Nonchev et al., 1996; Seitanidou et al., 1997; Sham et al., 1993) . While NAB1 and NAB2 were identified as co-repressors of KROX20-mediated transcription, HCF-1 acts as a co-activator (Luciano and Wilson, 2003; Russo et al., 1995; Svaren et al., 1996) . Krox20 expression appears to be downstream of insulin and FGF signalling pathways (Keeton et al., 2003; Marin and Charnay, 2000; Walshe et al., 2002) . Krox20 is essential for proper development of rhombomeres 3 and 5 in the vertebrate hindbrain (Schneider-Maunoury et al., 1993; Swiatek and Gridley, 1993) . In the peripheral nervous system, Krox20 is involved in myelination by Schwann cells and gene mutations in man are associated with hereditary myelinopathies (Topilko et al., 1994; Warner et al., 1998) . Further, the transcription factor plays an important role in endochondral ossification (Levi et al., 1996) . Interestingly, Krox20 is also transcribed in vibrissal and pelage follicles and shows a peculiar expression pattern (Gambardella et al., 2000) . Nonetheless, its biological role in these structures has not yet been investigated.
In the present study, Krox20 was shown to be expressed in the hair bulb which may be that of the zigzag hairs, the keratinocytes of which have been previously found to express Igfbp5. In addition to a temporal and spatial correlation of gene expression in wildtype hair follicles, Krox20 and Igfbp5 are co-regulated in Foxn1::dnFgfr2 and Ivl::Igf-I transgenic mice in which Igfbp5 expression is disturbed. The findings that putative KROX20 binding sites are present in the Igfbp5 promoter and KROX20 stimulates reporter gene expression through a 1.5 kb promoter fragment are consistent with the concept that KROX20 regulates Igfbp5 in the hair follicle. Our data have therefore identified Krox20 as a potential factor in the molecular pathway that controls the morphogenesis of hair shafts.
Results

Krox20 is heterogeneously expressed in the hair follicle
Members of several signalling pathways as well as various transcription factors are expressed in the mature hair follicle. Their activity is usually restricted to distinct follicular compartments. Surprisingly, the temporal and spatial expression pattern has not been studied in detail for all of them. Until recently, for instance, it was unknown that Igfbp5 shows heterogeneous expression with respect to distinct hair follicle types (Schlake, 2005b) . Likewise, its possible role in the formation of hair shaft bends was previously unrecognised. Among the regulatory components of the hair follicle for which an elaborate analysis is still missing, Krox20 is of special interest, since it is expressed in the hair matrix that gives rise to the distinct cell lineages and characteristic features of the mature follicle and hair shaft (Gambardella et al., 2000) .
As previously described, Krox20 was expressed in the proximal hair follicle as well as in the distal outer root sheath (Gambardella et al., 2000) ( Fig. 1 and data not shown). Whereas expression in the latter compartment appeared to occur in all hair follicles (Gambardella et al., 2000) (data no shown), expression in the hair bulb was heterogeneous. Since proximal Krox20 expression may be seen in over 50% of follicles on some sections of the skin (Fig. 1A ) and zigzag hairs normally constitute about 68% of all hairs, it is likely that Krox20 expression may be frequently associated with zigzag hair follicles. However, gene activity in the hair bulb appears to be not permanent, because many sections showed only very few Krox20-expressing follicles. Comprehensive analyses confirmed the previous observation of Krox20 expression in the hair matrix on either of the two sides of the dermal papilla (Gambardella et al., 2000) (Fig. 1A) . Furthermore, our results revealed that Krox20 expression is more uniform in the matrix on either side of the dermal papilla in some follicles (Fig. 1B) , while others showed weak expression in the proximal medulla above the dermal papilla (Fig. 1C) ; gene activity was not detectable in the distal medulla. Of note, guard hair follicles and at least a subset of awl hair follicles are characterised by their extraordinary size that allows assigning hair types to certain follicles on skin sections. Interestingly, the bulbs of these large hair follicles lacked any detectable Krox20 expression (Fig. 1D ).
Correlation of Krox20 and Igfbp5 expression
The apparent lack of Krox20 expression in guard hair follicles and in at least a subset of awl hair follicles together with the heterogeneous expression pattern are reminiscent of the recent results for Igfbp5 (Schlake, 2005b) . Thus, we next asked whether there might be a correlation between Krox20 and Igfbp5 expression. A previous analysis offered no clear indication for Igfbp5 expression restricted to cells of the hair matrix clustered on one side of the papilla (Schlake, 2005b) . Among more than 2000 follicles of new sections, we were able to identify a few follicles with Igfbp5-negative dermal papillae but gene expression in the hair matrix. In some of these follicles, Igfbp5-expressing keratinocytes were either located on one side of the dermal papilla ( Fig. 2A) or showed an unequal distribution (Fig. 2B) , strongly resembling the expression patterns for Krox20 (Fig. 1B) .
To determine whether Krox20 and Igfbp5 are co-expressed in the hair bulb, we performed in situ hybridisations on consecutive sections. While Igfbp5 was expressed in the dermal papilla, follicles lacked any detectable Krox20 expression ( Fig. 2C and D) . By contrast, Krox20 expression was found in all follicles for which Igfbp5 activity was apparent in the hair matrix ( Fig. 2E and F) . If the expression of Igfbp5 and Krox20 in the matrix was restricted to one side of the dermal papilla, both genes were co-expressed on the same side ( Fig. 2G and H) . Furthermore, Igfbp5 expression in the proximal medulla was associated with weak Krox20 expression in this compartment ( Fig. 2G and H) . After Igfbp5-positive cells had moved further along the proximo-distal axis of the follicle, Krox20 expression was no longer detectable ( Fig. 2I and J) .
Krox20 and Igfbp5 are co-regulated in transgenic hair follicles
In a recent study, we identified Igfbp5 as a target gene that was upregulated upon repression of FGFR2-mediated signals (Schlake, 2005a) . In Foxn1::dnFgfr2 transgenic mice, Igfbp5 is constitutively expressed in the proximal medulla just above the dermal papilla in all hair follicles (Fig. 3A) . Thus, we next asked whether this abnormal pattern of Igfbp5 expression might be associated with a concomitant deregulation of Krox20 gene expression. Non-radioactive in situ hybridisations clearly demonstrated weak Krox20 expression in the proximal medulla of probably all transgenic follicles (Fig. 3B) . In contrast to the transgenic situation, this spatial pattern of gene expression was only infrequent in wildtype hair follicles. In transgenic mice, even large guard hair follicles which never showed Fig. 1 . Heterogeneous Krox20 expression pattern in hair follicles. Krox20 expression in murine skin was analysed by non-radioactive in situ hybridisation. (A-D) In the proximal follicle, an extensive heterogeneity can be observed with respect to the presence and absence of Krox20 transcripts as well as to the spatial expression pattern. The inset in (A) shows a low power magnification of skin to corroborate that, on some sections, more than 50% of follicles express Krox20. The arrow in (B) highlights a follicle with almost symmetric Krox20 expression in the hair bulb. In (D), presumptive guard and large awl hair follicles are marked with * and #, respectively. Scale bars: 100 lm.
any proximal Krox20 signal in wildtype skin were positive for expression of this gene (Fig. 3C) . Furthermore, we observed a combination of Krox20 expression in the hair matrix on one side of the dermal papilla and expression in the proximal medulla (Fig. 3D) . Again, such a pattern of gene expression was never observed in wildtype skin.
We were not able to unequivocally identify a similar expression pattern for Igfbp5 in Foxn1::dnFgfr2 transgenic mice. However, the preservation of hair shaft bending in these mice indicates that the endogenous Igfbp5 expression pattern is maintained in the presence of the extraordinary and permanent expression in the proximal medulla. Thus, our failure may be just due to technical limitations of insufficient sensitivity. In summary, abnormal Igfbp5 expression in the proximal medulla of Foxn1::dnFgfr2 mice was accompanied by Krox20 expression in the same compartment.
Since Igfbp5 is associated with hair shaft bending and gene activity appears to be closely linked to Krox20 expression, we also investigated a further transgenic mouse line that lacks hair shaft bends. Although Ivl::Igf-I transgenic mice produce only straight hair shafts, they clearly possess zigzag hair follicles as judged by Igfbp5 expression in the dermal papilla of many follicles (Fig. 3E) (Schlake, 2005b; Weger and Schlake, 2005b) . However, expression In some follicles, Igfbp5 expression in the hair matrix is completely or almost restricted to one side of the bulb with respect to the dermal papilla, the location of which is indicated by arrows. (C-J) To analyse the correlation of Igfbp5 and Krox20 expression in the hair follicle, consecutive sections of skin from the first or second growth phase of the hair cycle where hybridised to either an Igfbp5-(C, E, G, I) or a Krox20-specific (D, F, H, J) probe. Representative examples are shown. Arrows in (G) and (H) point to follicles with gene expression in the hair matrix on only one side of the papilla. Arrowheads in (G) and (H) mark follicles with gene expression in the proximal medulla. Scale bars: 100 lm. Similarly, weak Krox20 expression could be observed in all dnFgfr2 transgenic follicles in precursor cells of the medulla just above the dermal papilla. Transgenically induced Krox20 transcription is independent of endogenous gene expression (B). Furthermore, strong gene expression in the hair matrix of some follicles demonstrates that the wildtype expression pattern of Krox20 is not affected in transgenic mice (C, D). * marks a presumptive guard hair follicle. (E) Ivl::Igf-I transgenic mice reveal Igfbp5 expression in dermal papillae. (F) Krox20 expression in Igf-I transgenic hair follicles (arrow) is fairly infrequent and transcript levels appear to be decreased as compared to wildtype follicles. Scale bars: 100 lm.
in the hair medulla which is associated with the bending process turned out to be fairly rare; as previously described, the action of follicular IGFBP5 is supposed to be blocked by transgenic IGF-I (Schlake, 2005b; Weger and Schlake, 2005b) . Interestingly, we could find only very few transgenic follicles with Krox20 expression in the hair bulb (Fig. 3F) . Thus, Krox20 and Igfbp5 expression appear to be collectively downregulated in the hair matrix and medulla of Ivl::Igf-I transgenic follicles, further supporting a regulatory correlation.
Krox20 controls Igfbp5 promoter-driven gene expression
While our in situ hybridisations on wildtype and transgenic skin demonstrated a strong correlation of Krox20 and Igfbp5 expression in the hair follicle, they did not distinguish between a simple co-regulation and a functional link. Sequence inspection of a 1.5 kb fragment upstream of the transcriptional start of Igfbp5 revealed several putative binding sites for KROX20 (Chavrier et al., 1990; Nardelli et al., 1991; Sham et al., 1993) (Fig. 4A) . Of note, in another system, multiple sites were shown to act synergistically in KROX20-mediated transcription (Chavrier et al., 1990) . Whereas the three most proximal sites are conserved between mouse and rat, the most distal site is missing in rats. The segment comprising the sites at about À580 to À550 is still missing in the rat genomic sequence. Only one of the most proximal sites is conserved between mouse and man, however, humans do not have zigzag hairs.
To test the possibility of a regulation of Igfbp5 by KROX20, we performed transfections using the 1.5 kb Igfbp5 promoter fragment driving the expression of a luciferase reporter cassette. Krox20 expression did not stimulate the activity of the promoter-less reporter and had only a very weak effect on SV40 promoter-driven luciferase expression (Fig. 4B) . In contrast to this, KROX20 stimulated the activity of the Igfbp5 promoter fragment about 60-fold. To determine whether this transcriptional enhancement might be due to direct interactions between KROX20 and the Igfbp5 promoter fragment, we mutated the three most proximal sites. To achieve an effect as specific as possible, we decided to introduce single point mutations only (Fig. 4A) . It has been shown in previous reports that the central nucleotide is critical for efficient KROX20 binding (Nardelli et al., 1991; Sham et al., 1993) . Interestingly, this very moderate modification significantly decreased promoter stimulation by KROX20 (Fig. 4B) .
Discussion
Murine hair follicles that give rise to different hair types are induced in consecutive waves during embryogenesis and early postnatal life. However, until recently, the mechanisms of generating different hair shaft structures were a complete enigma. Extensive in situ hybridisation analyses of the growth phase of the hair cycle as well as whole mount in situ hybridisations identified zigzag hair follicles as the main source of follicular Igfbp5 expression (Schlake, 2005b) . It was demonstrated that Igfbp5 expression in the medulla is directly associated with the zone of bend formation. A potentially functional role of Igfbp5 in the formation of hair shaft bends was suggested by a significant curvature of Igfbp5 transgenic hair shafts (Schlake, 2005b) . Based on these data, the following model of oscillatory Igfbp5 expression in zigzag hair follicles and the accompanying formation of hair shaft bends was hypothesised: In the first phase, Igfbp5 expression is restricted to the dermal papilla. In the second phase, gene expression Fig. 4 . KROX20 stimulates expression from the Igfbp5 promoter. (A) A 1.5 kb Igfbp5 promoter fragment was derived from database entry U02023. It contains several putative binding sites of KROX20 (boxed) whose position relative to the presumptive transcriptional start site is indicated. Nucleotides in the most proximal motifs that were changed by site-directed mutagenesis are shaded. (B) The effect of KROX20 on Igfbp5 promoter-mediated gene expression was addressed by transfection of HeLa cells. Cells were co-transfected with one of four different luciferase reporter constructs together with pBOS-bgal to correct for transfection efficiencies and either pEF-BOS or pEF-BOS-Krox20. Normalised expression levels (RLUs, relative light units) were determined for a promoter-less reporter (À), a SV40 promoter-driven reporter (SV40), and for luciferase expression plasmids controlled by either a 1.5 kb Igfbp5 promoter fragment (Bp5) or a variant thereof that has been generated by site-directed mutagenesis (Bp5mut). Normalised reporter gene expression in the presences of pEF-BOS (white) and pEF-BOS-Krox20 (grey) is shown. Results are the average of at least four independent experiments. switches from the papilla to the hair matrix upon a still unknown stimulus. Thereby, a cluster of Igfbp5-positive keratinocytes is formed that, in phase three, moves along the proximo-distal axis of the follicle and gives rise to a hair shaft bend. Finally, a new cycle starts with phase 1. The mechanism of bend formation is still elusive. Similarly, the transcriptional regulation of Igfbp5 was completely unclear.
Our data suggest a strong correlation between the temporal and spatial expression patterns of Krox20 and that of Igfbp5. For instance, Krox20 was expressed in the bulge area of pelage follicles (Gambardella et al., 2000) and Igfbp5 was among those genes whose transcripts are enriched in keratinocytes from the stem cell niche (Morris et al., 2004; Tumbar et al., 2004) . However, it is still unclear whether both genes are active in the same set of cells. Furthermore, Krox20 and Igfbp5 appeared to be always co-expressed in either the matrix or the proximal medulla of murine hair follicles. Since Igfbp5 expression is indicative of zigzag hair follicles, this finding strongly suggests that Krox20 expression in the hair bulb may be a further marker of this follicle type. Nevertheless, due to technical limitations it is impossible to rule out the existence of few exceptions. Of note, two transgenic lines in which the normal Igfbp5 expression pattern was affected also revealed an appropriate alteration of Krox20 expression (Schlake, 2005a; Weger and Schlake, 2005b) (Fig. 3) .
Are Krox20 and Igfbp5 just co-regulated or is there any functional link between them? Clearly, Krox20 cannot be generally essential for Igfbp5 expression. The dermal papillae of zigzag hair follicles temporarily express significant amounts of Igfbp5, but lacked any detectable levels of Krox20 activity (Schlake, 2005b) (Fig. 1) . Similarly, weak Igfbp5 transcription in some matrix cells of guard hair follicles was never found to be associated with Krox20 expression in our analyses. Is KROX20, on the other hand, sufficient to activate Igfbp5 transcription in the hair bulb? Temporal and spatial expression data from wildtype and transgenic hair follicles fit to this scenario. It is also supported by the presence of several putative KROX20 binding sites within the presumptive Igfbp5 promoter and its strong stimulation in the presence of KROX20 in transfection studies. A potentially direct interaction between KROX20 and the Igfbp5 promoter is suggested by the negative effect of point mutations within the three most proximal putative binding sites on KROX20-mediated transcription. However, stimulation of promoter activity is far from being completely abolished by these mutations. This might be due to several reasons. First, it is still possible that KROX20 stimulates Igfbp5 promoter-mediated gene expression in an indirect manner. Second, we could identify additional putative KROX20 binding sites further upstream of the transcriptional start site that have not been modified and that might significantly contribute to KROX20-mediated promoter activity. Third, we opted to generate very modest modifications of the Igfbp5 promoter to prevent any major disturbances which might effect promoter function in an unpredictable way. Although changing the central G into a C markedly reduced the affinity of KROX20 for its binding motif (Nardelli et al., 1991; Sham et al., 1993) , protein-DNA interactions were not completely abrogated. Thus, in an artificial situation of significant Krox20 overexpression, the effect of such a small alteration might be limited.
The findings of this study are consistent with the regulation of Igfbp5 gene activity by KROX20 in the bulb of zigzag hair follicles. Upregulation of Krox20 expression in the matrical precursors of the medulla leads to a switch of Igfbp5 expression from the dermal papilla to the Krox20-expressing matrix. Upon displacement of the medullary cells along the proximo-distal axis of the hair follicles during differentiation, transcription of Krox20 ceases and transcripts are rapidly lost while the Igfbp5 mRNA level is maintained. Whether this is due to the presence of KROX20 protein in Igfbp5-expressing medulla cells or to the relative stability of the transcripts of these genes remains to be tested.
FGF signals were implicated in the control of Krox20 expression during rhombomere formation (Marin and Charnay, 2000) . Further, insulin signalling via the MAPK pathway appeared to stimulate Krox20 expression in hepatic cells (Keeton et al., 2003) . Interestingly, our data on transgenic mouse lines indicated that FGF-and IGF-mediated signals are also involved in follicular Krox20 expression. Unexpectedly, their effect on Krox20 expression in the epithelial compartment of hair follicles appears to be repressive rather than stimulatory, suggesting that the readout of these signalling pathways with respect to the transcriptional control of Krox20 is strongly dependent on the cellular context. The findings of the present study point to a potentially novel mechanism of suppression of zigzag hair formation by IGF-I. In addition to the direct inhibition of an IGF-independent function of IGFBP5 (Schlake, 2005b) , IGF-I may regulate Igfbp5 expression through the suppression of Krox20 gene activity. In summary, our results place Krox20 in the molecular pathway for regulating hair shaft morphogenesis specifically in the generation of the periodicity of the zigzag hair (Fig. 5) . Fig. 5 . Schematic of the proposed regulation of hair shaft bending. It is based on a recent report (Schlake, 2005b ) and data from this study.
Experimental procedures
Mice
Wildtype skin samples were prepared from BALB/c mice. Analyses were also performed with skin of Foxn1::dnFgfr2 and Ivl::Igf-I transgenic mice, respectively, that have been previously described (Schlake, 2005a; Weger and Schlake, 2005b) . Animal care was in accordance with institutional guidelines.
In situ hybridisation
Back skin from mice of various ages representing different stages of either the first or the second growth phase of the hair cycle was fixed in 4% paraformaldehyde, paraffin embedded, and sectioned at 6 lm. Essentially, non-radioactive in situ hybridisations were performed as previously described (Bleul and Boehm, 2000) . Both, sense and antisense strands of gene-specific fragments were used as probes. These fragments were generated by PCR using the following gene-specific primers (fragment size is indicated): Krox20: nt. 1261 -1280 and nt. 1936 -1955 . Igfbp5: nt. 2021-2040 and nt. 3175-3194 in NM_010518 (1174 bp). Typically, sections on a single slide represented at least 100-150 different follicles. For wildtype skin, more than 20 slides were hybridised with antisense probes of Krox20 and Igfbp5, respectively. For skin of Foxn1::dnFgfr2 and Ivl::Igf-I transgenic mice, 4-8 slides each were subjected to in situ hybridisations with antisense Krox20 and Igfbp5 probes, respectively.
Transactivation experiments
As reporter constructs, the promoter-less pGL3-Basic (Promega) and the SV40 promoter-containing pGL3-Promoter (Promega) plasmids were used. Further, a 1.5 kb murine Igfbp5 promoter fragment was amplified by PCR using the following primers containing either a BamHI or a HindIII site for cloning into pGL3-Basic: 5 0 -ACTGGATCCGTGTGAA CAGCGCCCGGGGAG-3 0 and 5 0 -CAGACAAGCTTAAAGCCCAAA CAGCTTTGCAGCTC-3 0 . pGL3-Bp5mut was generated from pGL3-Bp5 by PCR-based mutagenesis. For expression of Krox20, the coding region was amplified by PCR using the following primers containing NotI sites for cloning into pEF-BOS (Mizushima and Nagata, 1990) : 5 0 -ACT GCGGCC GCCATGAACGGAGTGGCGGGAGATG-3 0 and 5 0 -ACTG CGGCCGCTCACGGTGTCCTGGTTCGAG-3 0 . Each luciferase reporter construct was cotransfected with a b-galactosidase expression construct, pBOS-bgal (Schlake et al., 1997) , and with either pEF-BOS or pEF-BOSKrox20 into HeLa cells by calcium phosphate co-precipitation. Twentyfour hours after transfection, the CaPO 4 precipitate was washed away from the cells and fresh medium was added for another 24 h. The cells were then harvested into 250 mM Tris-HCl (pH 7.5) buffer and disrupted by three freeze-thaw cycles. The resulting extracts were cleared by centrifugation and assayed for luciferase and b-galactosidase activities (Schlake et al., 1997) . b-Galactosidase activity was used to correct for transfection efficiency. Data are the average of at least four independent experiments.
